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A b s t r a c t  
An i n v e s t i g a t i o n  was conducted t o  determine 
t h e  c r i t i c a l  load levels and a s s o c i a t e d  c rack ing  
beyond which a u l t i d i r e c t i o m l  lamina te  c a n  be  
cons idered  a s  s t r u c t u r a l l y  f a i l e d .  Craphitelepoxy 
lamina tes  were loaded t o  d i f f e r e n t  s t r a i n  l e v e l s  
up t o  u l t i m a t e  f a i l u r e .  Transverse  m a t r l x  crack- 
ing was r o n i t o r e d  by a c o u s t i c  and o p t i c a l  methods. 
Res idua l  s t i f f n e s s  and s t r e n g t h  t h a t  were p a r a l l e l  
and perpendicu la r  t o  t h e  c r a c k s  were determined 
and r e l a t e d  t o  t h e  environmental / loading B i s t o r y .  
R e s u l t s  i n d i c a t e  t h a t  c rack ing  d e n s i t y  i n  t h e  
t r a n s v e r s e  l a y e r s  h a s  no major e f f e c t  on lamina te  
r e s i d u a l  p r o p e r t i e s  a s  long a s  t h e  angle-ply 
l a y e r s  r e t a i n  t h e i r  s t r u c t u r a l  i n t e g r i t y .  Exposure 
t o  h o t  water  revea led  t h a t  c rack ing  had only  a 
m a l l  e f f e c t  on  absorp t ion  and reduced s w e l l i n g  
when t h e s e  specimens v e r e  compared wi th  uncracked 
specimens. Cracked. moist specimens showed a mod- 
e r a t e  reduc t ion  i n  s t r e n g t h  when compared wi th  
t h e i r  uncracked counterpar t s .  Within t h e  range of 
envi ronmenta l / load in~ .  c o n d i t i o n s  of t h e  p r e s e n t  
s tudy ,  i t  is concluded t h a t  t h e  t r a n s v e r s e  crack- 
ing process is not  c r u c i a l  i n  its e f f e c t  on t h e  
s t r u c t u r a l  performance of m u l t i d i r e c t i o n a l  com- 
p o s i t e  l amina tes .  
1 .  I n t r o d u c t i o n  
F a i l u r e  of f  iber - re inforced  p l a s t i c  l amina tes  
is a slow and lengthy process .  Transverse  c r a c k s  
a r e  i n i t i a t e d  a t  low loading  l e v e l s  i n  the  f i r s t  
vu lnerab le  p l i e s  and cont inue  t o  accumulate under 
increased  loading  c o n d i t i o n s  up t o  a s a t u r a t i o n  
c rack  d e n s i t y .  '-' In  most s t r u c t u r a l  m u l t i d i r e c -  
t i o n a l  l amina tes .  t r a n s v e r s e  c rack ing  below t h e  
s a t u r a t i o n  poin t  on ly  s l i g h t l y  a f f e c t s  t h e  g l o b a l  
rnechanlcal behavior of  t h e  lamina te ,  and no s i g -  
n i f i c a n t  reduc t ion  i n  r e s i d u a l  s t i f f n e s s  o r  s t r e n g t h  
is d e t e c t e d .  A t  s a t u r a t i o n  c rack  d e n s i t y ,  t h e  p l y  
can no longer  t r a n s f e r  s t r e s s e s  t h a t  a r e  t r a n s v e r s e  
t o  t h e  f i b e r  d i r e c t i o n ,  and t h e  f a i l e d  lamina 
r e t a i n s  on ly  its l o n g i t u d i n a l  p r o p e r t i e s  and i ts  
in te r laminar  bonding t o  t h e  neighboring l a y e r s .  
Even a t  t h i s  l e v e l  of damage, i t  h a s  been demon- 
strated"" t h a t  t h e  g l o b a l  l amina te  p r o p e r t i e s  a r e  
reduced by l e s s  t h a n  20%. 
Transverse  c r a c k s  may, however, a f f e c t  o t h e r  
behavior  such  a s  mois ture  absorp t ion .  compressive 
s t r e n g t h ,  de lamina t ion ,  and f a t i g u e  l i f e .  Enhanced 
mois ture  a b s o r p t i o n  i n  t r a n s v e r s e  cracked lamina tes  
can reduce t h e  d u r a b i l i t y  of t h e  lamina te  and i n f l u -  
ence i ts  dimensional  s t a b i l i t y  under prolonged and 
s e v e r e  hygrothermal condit ions."  Transverse  
c r a c k s  can  reduce t h e  matrix-dominated compressive 
s t r e n g t h  o f  a  l amina te .  High-s t ress  c o n c e n t r a t i o n s  
caused by t h e  presence  of  t r a n s v e r s e  c r a c k s  can  
enhance edgelO*l'*l' and l o c a l  delamination.  "-" 
Transverse  c rack ing  can a l s o  i n f l u e n c e  f a t i g u e  l i f e  
of a  laminate.'"'5 
. . Most of  t h e  prev ious  exper imenta l  and a n a l y t i -  
c a l  work on t h e  i n f l u e n c e  of t r a n s v e r s e  c r a c k i n g  
h a s  been concerned w i t h  t h e  i n i t i a t i o n  and propaga- 
t i o n  of  t r a n s v e r s e  c r a c k s  and t h e i r  e f f e c t  on 
de lamina t ion  behavior  .I-' Much l e s s  d a t a  and 
a n a l y s e s  a r e  a v a i l a b l e  on  t h e  mechanical pos t -  
c rack ing  behavior of t h e  t r a n s v e r s e  c racked  lami- 
..ates. The o b j e c t i v e  of  t h e  p r e s e n t  r e s e a r c h  is t o  
f i l l  t h i s  gap by t r e a t i n g  a cracked lamina te  a s  a  
f u n c t i o n i n g  s t r u c t u r a l  element and by provid ing  
informat ion  about t h e  p o t e n t i a l  r e s i d u a l  s t r u c t u r a l  
performance of t h e  damaged composite a s  i t  is 
a f f e c t e d  by hygrothermal c o n d i t i o n s .  The proper-  
t i e s  t h a t  a r e  i n v e s t i g a t e d  i n c l u d e  s t i f f n e s s  and 
compressive and f l e x u r e  s t r e n g t h .  The r e s u l t s  of 
t h i s  s tudy  may extend  t h e  u s a b l e  s t r e n g t h  range and 
r a i s e  a l lowable  load ing  l i m i t s  above t h e  widely 




The i n v e s t i g a t i o n  i n t o  t h e  r e s i d u a l  mechanical 
bebiavior of m l t i d i r e c t i o n a l  g raphi te /epoxy lami- 
n a t e s  beyond i n i t i a l  f i r s t - p l y  f a i l u r e  was accom- 
p l i s h e d  i n  t h r e e  p a r t s :  1 )  t h e  c o n t r o l l e d  i n t r o -  
d u c t i o n  of t r a n s v e r s e  c racks .  2)  t h e  h y g r o t h e m a l  
c o n d i t i o n i n g  of t h e  damage specimens, and 3) t h e  
c h a r a c t e r i z a t i o n  of r e s i d u a l  anechanical behavior  
( s t i f f n e s s  and s t r e n g t h ) .  The s p e c i f i c  d e t a i l s  of 
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t he  t a o t i t u  program a r e  i l l u r t r a t e d  in t he  flow 
cha r t  ahoun i n  Pig. 1. 
Material Se lec t ion  
Based upon a prs l lminsry  inves t iga t ion ,  i t  
was concluded t h a t  in most u l t i d i r e c t i o n a l  s t ruc -  
t u r a l  laminates,  t r m r v e r s e  cracking is t h e  pre- 
dominant i n i t i a l  f a i l u r e  mode. In most caste t h i s  
f a i l u r e  lode w i l l  con t ro l  t he  behavior of t h e  
laminate a t  t he  h igher  s t r e s s  l e v e l s  near u l t L . t e  
f r ac tu re .  And, a s  has  been es tabl ished.  t rans-  
verse  cracking is mainly con t ro l l ed  by matrix and 
f i b e r - u t r i x  i n t e r f a c i a l  c h a r a c t e r i s t i c s .  Hence. 
two ma te r i a l  systems were se l ec t ed  which have t h e  
s.r f i b e r s  but which have tw fundamentally d i f -  
f e r en t  m t r i c e s :  1) T300/936-high-glass t r ans i -  
t i o n  temperature (Tg). predominantly b r i t t l e ,  high 
du rab i l i t y ,  and cur ing temperature (Tc) of 175'C 
and 2) T90015209-relatively low Tg. predominantly 
duc t i l e ,  low d u r a b i l i t y ,  a;d Tc of 125'. 
Test  Specimens 
To f a c i l i t a t e  d i r e c t  v i s i 5 l e  de t ec t ion  of the  
i n i t i a l  t ransverse  cracks,  t e s t  specimens were 
designed t o  have a 90' ply a t  t he  ex t e rna l  surfaces .  
T w  types  of symmetrical laminate conf igura t ions  
vere used: t r i d i r e c t i o n a l  [(90/+45/90)2s] and 
quas i - i so t ropic  [(90/+45/0),,]. Additionally.  ref -  
erence un id i r ec t iona l  laminates were used f o r  char- 
a c t e r i z a t i o n  of t h e  bas ic  lamina proper t ies .  
Dif ferent  specimen conf igura t ions  were used 
f o r  var ious  t e s t i n g  t a sks  and loading modas a s  
shown in Table 1. The following was the sequence 
of specimen t e s t i n g .  
1 )  Specimens were i n i t i a l l y  loaded in  tens ion 
t o  induce t ransverse  cracks.  
2) The cracked specimens, a s  v e l l  a s  v i r g i n  
p l a t e s ,  were cu t  t o  smaller specimens and given the  
des i red  hygrothermal exposure. 
3) Dry and wet specimens were c u t  i n t o  
smal ler  specimens t h a t  were both p a r a l l e l  and per- 
pendicular t o  the  t ransverse  cracks,  and t h e i r  
res idual  p rope r t i e s  were character ized .  
Test Procedure 
A l l  specimens were vacuum d r i ed  a t  70°C f o r  a 
period of not l e s s  than 3 weeks p r i o r  t o  t he  s t a r t  
of the  t e s t i n g  procedure. 
In t roduct ion  of t ransverse  crackr ,  To estab- 
l i s h  t he  r e l a t i onsh ip  between the  in t roduct ion  of 
t ransverse  cracks  and appl ied  s t r a i n  i n  t h e  90' 
lamina. specimens of t he  a 4  and a-5 types  (Table 1) 
vc re  loaded i n  tension.  It uas found t h a t  t e n s i l e  
loading l ed  t o  a c o q l e x  cracking pat tern .  espe- 
c i a l l y  during t h e  i n i t i a l  s t age  of cracking. Th i s  
was main11 due t o  t h e  nonunifom cracking profern  
which occurs  s i u l t a n e o u s l y  i n  a l l  90. l aye r r .  
To cha rac t e r i ze  t he  t ransverse  cracking pro- 
ce s s  b e t t e r ,  type a-6 s p e c i r c ~  (Table 1)  e r e  
t e s t ed  i n  f lexure .  Because only a s ing le  90. 
lamina a t  t h e  ex t e rna l  s p e c h e n  surface  was exposed 
t o  a maximum t e n s i l e  s t r a i n  along a r e l a t i v e l y  
small  gage length ,  under t h i s  loading condi t ion  the  
t ransverse  cracking process war found t o  be e a s i l y  
contro l led  and character ized .  I n  t h i s  way, t he  
cracking process and pa t t e rn  could be i s o l a t e d  and 
monitored by v i sua l  inspect ion  and by acous t i c  
emission (AE) a t  l e a s t  dttring i n i t i a l  s t a g e s  of 
loading. The AE t o t a l  counts and the  root  mean 
square (rms) of t he  AE wave were continuously 
recorded during the  cracking process.  The 
mechanical-acoustic t e s t  se tups  f o r  tens ion and 
f lexure  have been described elsewhere. " 
Based upon the  above t e s t s ,  two t r a n s i t i o n  
po in t s  i n  t he  cracking behavior were i d e n t i f i e d  i n  
terms of t h e  s t r e s s - s t r a i n  r e l a t i onsh ip  and a r e  
shown in  Fig.  2 .  The onset of t he  t ransverse  
cracking process was found t o  occur wi th in  a s t r a i n  
range of 0.55% t o  0.65%. depending upon the  par t icu-  
l a r  ma te r i a l  system. F i r s t  f a i l u r e  of the  '45' 
p l i e s  was found t o  occur a t  a s t r a i n  range of 0.8% 
t o  0.9% and was found t o  be associa ted  with a 
change in  s lope  o r  a knee in  t he  s t r e s s - s t r a i n  
curve (Fig.  2) .  
Micrographs taken from specimens loaded below 
and above the  knee in the s t r e s s - s t r a i n  curve 
(Fig. 2) ,  before and a f t e r  t ransverse  cracking of 
t he  245' p l i e s .  a r e  shown i n  Fig.  3. A s  can be 
seen, t ransverse  cracks i n  the  '45' p l i e s  appear 
t o  i n i t i a t e  from t ransverse  cracks  i n  t he  neighbor- 
ing 90' p l i e s .  A s imi l a r  observation has been 
reported previously.  I '  
Specimens t h a t  r e r e  s t r a ined  c lose  t o  u l t imate  
f a i l u r e  were inspected using u l t r a son ic  and x-ray 
techniques. Previously reported f indings  of i n t e r -  
na l  edge delaminat ion's' and local ized  delamination 
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a t  the  root of the  t ransverse  crackss-' vcre not f l e x u r a l  s t r eng th  c h a r a c t e r i s t i c s  a s  shown i n  
observed i n  t h i s  study. Table 1. 
Based upon the  above observations,  t ransverse  Specimens t e s t ed  under un iax ia l  loading were 
cracks  were introduced i n t o  type a-3 p l a t e  speci-  tabbed and loaded using a servo-controlled. 
.ens (Table 1 )  of t h e  T300/934. ( 9 0 / ? 4 ~ / 9 0 ) ~ ,  hydraul ic  t e s t  machine under condi t ions  of a 
laminate and the  T300/5209. (90/'45/90)2a and constant  displacement r a t e  of approximately 
(90/t45/0),s laminates. Selec ted  s t r a i n  l e v e l s  of O.:i25 a r~ / sec .  This displacement r a t e  corresponds 
0.8% and 1.1% (below and above the  knee i n  t he  t o  an e f f e c t i v e  s t r a i n  r a t e  of approximately 
s t r e s s  s t r a i n  curve. Pig. 2) corresponded t o  a low 10" sec-I. I n  f l exu re  the  constant displacement 
l e v e l  of cracking i n  the  90. p l i e s  and corresponded r a t e  was 0.042 arm/sec which corresponds t o  a maxi- 
t o  a high l e v e l  of cracking i n  both t h e  90° and 45' mum s t r a i n  r a t e  a t  the  ex t e rna l  specimen surface  of 
p l i e s .  respect ive ly .  These l e v e l s  correspond t o  approximately 10" sec-'. 
t he  T300/5209. (90/?45/90),s system. P l a t e  speci-  Specia l  specimen t a b s  were used because of t he  
mens were loaded i n  tens ion t o  one of these tvo  high s t r eng th  and respect ive  loads t h a t  a r e  
s t r a i n  l e v e l s  and then immediately unloaded. involved i n  compression t e s t i n g  when the  load is 
Hygrothermal conditioning. Cracked and non- p a r a l l e l  t o  t he  t ransverse  cracks  (and f i b e r s ) .  
cracked "virgin" p l a t e s  were cu t  i n t o  square A l l  compression t e s t s  were performed us ing a wedge- 
s p e c h e n s  ( type  E-2 .  Table 1 ) .  Some of t he  speci-  type f i x t u r e  a s  recornmended by ASTM D-3410. 
mens were vacuum d r i ed  a t  70°C and o the r s  were 
immersed in  e i t h e r  70'C water o r  40°C water f o r  up 111. Resul ts  and Discussion 
t o  140 days. Cracked and v i r g i n  narrow specimens The s t r a i n  required t o  i n i t i a t e  the f i r s t  
( types  a-6 and b-1, Table 1 )  ve re  a l s o  exposed t o  t ransverse  cracks i n  t h e  ou te r  90' ply i n  a ten- 
s imi l a r  environmental conditions.  s ion  t e s t  a r e  summarized i n  Table 2 .  For dry 
Dur in2 moisture conditioning, frequent mea- 
surements were made of specimen weight and dimen- 
s ions  (along the  two major d i r ec t ions )  t o  e s t ab l i sh  
the  absorption and swelling c h a r a c t e r i s t i c s  of the 
cracked and v i rg in  specimens. A l l  measurements 
were made a t  room temperature a f t e r  t he  specimens 
were wiped dry .  Measurements were made d a i l y  during 
the  f i r s t  week of exposure, and twice a w e k  there- 
a f t e r .  Accuracy of measurement i s  estimated t o  be 
approximately 1 mg in weight and 0.01 mm i n  length.  
When the moisture content of a specimen 
reached e i t h e r  an intermediate l eve l  (approximately 
1.0%) o r  c lose  t o  s a tu ra t ion  (ranging from 1.5% t o  
2.7Z depending on the  mater ia l  system and extent  of 
damage), specimens were s tored  i n  23" water f o r  up 
t o  5 days before mechanical t e s t i ng .  In s ign i f i can t  
change i n  moisture absorption occurred during t h i s  
holding period.  
specimens, t h i s  s t r a i n  ranged from 0.5% t o  0.65% 
with t h e  tendency f o r  5209-epoxy matrix laminates 
t o  f a l l  i n  t he  upper end of t h i s  range. This 
r e s u l t  i s  a s  would be expected; i n i t i a l  t ransverse  
cracking is a matrix,  and a matr ix- in ter face  domi- 
nated process,  and the  5209 matrix i s  more d u c t i l e  
than the  934 epoxy matrix.  The addi t ion  of 1Z 
moisture is seen t o  subs t an t i a l l y  increase  the  
s t r a i n  f o r  f i r s t  crack i n i t i a t i o n  in the 934-resin 
matrix laminate,  but i t  has l i t t l e  e f f e c t  on the  
5209-matrix laminate.  Again, these r e s u l t s  agree 
wel l  with laminate ana lys i s  which p r e d i c t s  t h a t  
absorbed moisture can reduce the  t ransverse  res id-  
ua l  s t r e s s e s  t ha t  a r e  b u i l t  up during post-curing 
cooling . 
Table 2 a l s o  summarizes the  observed s t r a i n  
f o r  the  i n i t i a t i o n  of 245' p ly  f a i l u r e  (knee i n  t he  
s t r e s s - s t r a i n  curve, Fig. 2) and f o r  u l t imate  lami- 
na t e  f a i l u r e .  The s t r a i n s  f o r  these two c r i t i c a l  
Residual property cha rac t e r i za t ion .  Wet and 
s t ages  of f a i l u r e  appear r e l a t i v e l y  independent of 
dry. cracked, and v i rg in  specimens of types b-2. 
both matrix and s p e c i f i c  laminate lay-up. 
a-6, and b-1 (Table 1)  were cu t  i n t o  specimens of 
type c (Table 1 ) .  The long a x i s  of the  specimens The experimental r e s u l t s  shorn i n  Table 2 were 
were made e i t h e r  perpendicular o r  p a r a l l e l  t o  the  'Ompared computations based On a 
transverse cracks. D i f f e r e n t  loading modes were ication of the laminate theory' In  
chosen t o  e s t ab l i sh  s t i f f n e s s  and compressive and this the effects  of the cracked layers On 
laminate behavior uere evaluated by replacing 
these layers i n  the  model with those that re ta in  
only th. longitudinal properties o f  t h e  origi-1 
p l i e s .  In mat cases t h i s  analysis gave good 
e r e e m t  with the  e x p e r i r n t a l l y  observed resu l t s .  
Based upon the  cracking patterns observed by 
the  use o f  the  replicating tape technique during 
m l t i s t a g e  loading, several quant i tat ive  relation- 
rhips  can be developed. As shovn i n  Pig. 4. crack 
densi ty  i n  the  outer 90. ply was found i n i t i a l l y  
t o  increase l inearly  with increased f lexural  s t ra in .  
At high-strain l eve l s .  as ultimate fa i lure  i s  
approached, the  rate o f  cracking i s  reduced sig- 
n i f i c a n t l y  and the crack densi ty  appears t o  
approach saturation. 
Moisture was found t o  s ign i f i can t l y  inf luence 
the  general cracking process and the associated 
cracking pattern. In dry specimens, continuous 
and straight transverse cracks were present across 
the  specimen width from one edge t o  the  other. 
This  suggests that transverse crack growth i n  these 
specimens i s  a continuous and spontaneous process 
once the  crack has been i n i t i a t e d .  In wet speci- 
mens, several cracks appear t o  arrest wi thin  the 
lamina. Typical cracking patterns observed for a 
given s train  i n  the  dry and the wet spezimens are 
shown i n  F i g .  5. These observations are again i n  
agreement with the idea that moisture increases the  
p las t i c i t y  o f  the res in  matrix.  
Moisture absorption and swelling w r e  studied 
i n  unidirectional laminates o f  T300/934 and o f  
T300/5209 in order t o  es tab l i sh  a base for  the  
evaluation o f  hygro theru l  e f f e c t s  i n  v i rg in  and 
damaged multidirectional laminates. The typical  
tire dependence o f  moisture absorption observed i n  
unidirectional laminates i s  shovn i n  F i g .  7 .  Ae 
would be expected. laminate thickness was found t o  
inf luence the  rate  o f  moisture absorption, but the  
width o f  the  laminate had no e f f e c t .  Saturation 
moisture l e v e l  was independent o f  both laminate 
thickness and width. The moisture saturation 
l e v e l s  observed for  the  unidirectional laminates 
are l i s t e d  i n  Table 3. 
Moisture absorption versus time behavior o f  
typical  m l t i d i r e c t i o n a l  laminates i s  shown i n  
Fig. 8 for  both v i rg in  and cracked specimens. In 
the  T3001934 system that i s  exposed t o  70.C water. 
the  cracked laminate i s  characterized by a higher 
absorption rate when it i s  compared with i t s  v i rg in  
reference. For the T30015209 system. however, 
transverse cracking was found t o  have no e f f e c t  
upon the rate o f  moisture absorption a t  70%. One 
possible explanation for  t h i s  l a t t e r  behavior i s  
that  70°C i s  close t o  the T o f  the  5209 matrix I3 
material and moisture absorption i s  inherently 
rapid at these temperatures. On the  other hand. 
when the T300/5209 laminate was exposed t o  f0.C 
water, the  cracked specimens exhibited a s , n i f i -  
cantly higher absorption rate than the v i rg in  r e f -  
As reported previously.16 acoustic emission 
erences d i d  i n  much the same manner as that pre- 
appears t o  be a rel iable  technique for  the detec- 
sented i n  F i g .  8 ( see  Table 3 ) .  
t i o n  and monitoring o f  the cracking process. As 
shown in  Fig. 6 for  the  T3001934 laminate, the t o t a l  
AE count was found t o  vary l inearly  with crack den- 
s i t y  at the lower crack dens i t i e s .  Additionally.  
l i t t l e  or no d i f f e rence  was observed between wet 
and dry specimens i n  t h i s  region. At high-crack 
densi t ies  the wet specimen remained linear whereas 
a sharp increase i n  to ta l  count was observed in  the  
dry specimen. This l a t t e r  observation suggests 
that the i n i t i a t i o n  o f  an additional s-urce o f  
noise e x i s t s  above that which resu l t s  from outer 
ply transverse cracking. This  source o f  noise 
appears t o  be the i n i t i a t i o n  and propagation o f  
transverse cracks i n  the inner pl ics .  Again, mois- 
ture enhances the  d u c t i l i t y  o f  the res in  m a t ~ i x  and 
delays the  occurrence o f  transverse cracking i n  the  
inner pl ies .  
The relationship between swelling and moisture 
content for  T300/934 unidirectional laminates 
exposed t o  70°C water i s  shown in  F i g .  9 .  A f t e r  an 
i n i t i a l  transient up t o  approximately 0.6% moisture, 
transverse swelling i s  l inear ly  dependent upon mois- 
ture  content. Additionally,  swelling s trains  
versus moisture content relationship appear inde- 
pendent o f  laminate thickness.  
S imilarly ,  the typical  relationship between 
swelling s t ra in  and moisture content observed for  
the (90/?45/90)2s multidirectional laminates is 
shown i n  Fig. 10. As would be expected, transverse 
swelling i s  much l e s s  for  t h i s  multidirectional 
laminate than for  the unidirectional laminate 
(Fig. 9 )  and data scat ter  i s  much greater.  In 
f a c t ,  moisture-induced swelling i n  the (90/r45/0),s 
l u i n a t e  was below t h o  r e s o l u t i o n  of  t h e  measuring c r a c k i n g  h a s  occurred.  Even a t  t h i s  p o i n t ,  t h e  
system. As can be s e e n  i n  Pig.  10 ,  a f t e r  a n  i n i -  d e g r a d a t i o n  i n  s t i f f n e s s  i n  t h e  cracked lamina te  
t i a l  t r a n s i e n t  up t o  approximately 0.6% mois ture ,  is only  about 13% of t h a t  of t h e  v i r g i n  lamina te  
s w e l l i n g  appears  l i n e a r l y  dependent upon mois ture  a t  a  c r a c k  d e n s i t y  of  approximately 5 cracks/cm. 
l e v e l .  The damaged lamina te  e x h i b i t s  l e s s  s w e l l i n g  S i m i l a r  r e d u c t i o n s  were observed f o r  t h e  T300/934. 
f o r  a  g iven  mois ture  conten t  t h a n  i t  does  f o r  t h e  (90/245/90),s l amina te .  A l l  d a t a  a r e  summarized i n  
uncracked,  v i r g i n  laminate.  Table 4 .  
The s l o p e  of  t h e  l i n e a r  p o r t i o n  o f  t h e  swell- Also shown i n  Table  4 a r e  r e s u l t s  of t h e  
i n g  curve  is def ined  a s  t h e  h y g r o e l a s t i c  c o e f f i -  q u a s i - i s o t r o p i c  lamina te  (90/145/0)2s. As can be 
c i e n t ,  8,. A summary of t h e  Bx v a l u e s  observed seen,  t h e  r e d u c t i o n  i n  r e s i d u a l  s t i f f n e s s  f o r  t h i s  
f o r  a l l  t h e  lamina tes  t h a t  a r e  i n v e s t i g a t e d  is lamina te  is e s s e n t i a l l y  n e g l i g i b l e  even a t  a  high- 
g iven  i n  Table 3. A s  can be seen ,  because of  t h e  c rack  d e n s i t y .  T h i s  is what w u l d  be expected 
l a c k  of c o n s t r a i n t  i n  t h e  t r a n s v e r s e  d i r e c t i o n .  s i n c e  t h e  t r a n s v e r s e  l a y e r s  i n  t h e  lamina te  con- 
& i n  u n i d i r e c t i o n a l  l amina tes  is much g r e a t e r  t r i b u t e  l i t t l e  t o  its o v e r a l l  s t i f f n e s s .  Moisture 
t h a n  i n  m u l t i d i r e c t i o n a l  l amina tes .  U u l t i d i r e c -  seems t o  have a n  i n s i g n i f i c a n t  e f f e c t  on e l a s t i c  
t i o n a l  l amina tes  of t h e  T300/934 system e x h i b i t  a  moduli of  both cracked and v i r g i n  specimens. Ana- 
a r c h  g r e a t e r  Bx than those  of  t h e  T30015209 l y t i c a l  r e s u l t s  based on t're modified lamina te  
system d o  when exposed t o  70°C water .  ( I n p u t  d a t a  theory  p r e d i c t  h i g h e r  d e t e r i o r a t i o n  i n  r e s i d u a l  
f o r  a n a l y s i s  of T300/5209 lamina tes  were taken from s t i f f n e s s  of cracked specimens a s  compared w i t h  
Ref. 18. I t  i n d i c a t e s  s i g n i f i * . a n t l y  low t r a n s v e r s e  exper imenta l  d a t a  (Table 4 ) .  
and s h e a r  moduli f o r  t h i s  system a t  t h i s  tempera- 
t u r e  l e v e l ,  which is c l o s e  t o  t h e  Tg of its matrix.)  
I n  a l l  cases .  damaged lamina tes  a r e  seen  t o  e x h i b i t  
a  lower v a l u e  of 6, than  t h e i r  v i r g i n  c o u t e r p a r t s .  
T h i s  t rend  a g r e e s  wel l  wi th  a n a l y t i c a l  r e s u l t s .  
based on t h e  modified lamina te  theory ,  a s  shown i n  
Table 4. The t rend  is a t t r i b u t a b l e  t o  t h e  decrease  
i n  s t i f f n e s s  of t h e  cracked 90" l a y e r s  which then 
reduces t h e  s w e l l i n g  e f f e c t  of t h e s e  l a y e r s  on t h e  
whole m u l t i d i r e c t i o n a l  l amina te .  
Residual  s t i f f n e s s  and s t r e n g t h  c h a r a c t e r i s -  
t i c s  of m u l t i d i r e c t i o n a l  l amina tes  t h a t  conta ined  
var ious  c rack  d e n s i t i e s  were determined.  Res idua l  
s t i f f n e s s  i n  tens ion  and f l e x u r e  wer e s t a b l i s h e d  
us ing  mul t icyc lo  load ing  where t h e  i n i t i a l  t angent  
modulus was measured and r e l a t e d  t o  t h e  maximum 
s t r a i n  of  t h e  preceding c y c l e  ( c L ) .  Figure  11 
shows t h e  observed s t r a i n  dependence of t h e  normnl- 
i r e d  r e s i d u a l  tangent  modulus [modulus of t h e  
cracked lamina te  d iv ided  by t h e  i n i t i a l  modulus of 
Table  5 summarizes t h e  r e s u l t s  of r e s i d u a l  
compressive s t r e n g t h  te! .s t h a t  were performed 
on t h e  m u l t i d i r e c t i o n a l  l amina te ,  cracked and 
uncracked,  and dry  and wet.  I n  t h e  cracked spec i -  
mens, load  was e i t h e r  a p p l i e d  a long  t h e  c rack ing  
d i r e c t i o n  o r  perpendicu la r  t o  t h e  t r a n s v e r s e  
c racks .  F a i l u r e  always occur red  i n  t h e  f r e e  gage 
length  by a "buckling-delamination" type f a i l u r e  
mode a s  show1 i n  Fig.  13. 
A s  can be seen i n  Table  5. t h e  presence of  
t r a n s v e r s e  c r a c k s ,  even a t  a  high-crack d e n s i t y ,  
does not  h.~ve a s i g n i f i c a n t  e f f e c t  o' t h e  r e s i d u a l  
compressive s t r e n g t h  of e i t h e r  m a t e r i a l  system, 
m u l t i d i r e c t i o n a l  l amina te ,  o r  mois ture  c o n d i t i o n  
i n v e s t i g a t e d .  In  almost a l l  c a s e s ,  r e s i d u a l  com- 
p r e s s i v e  s t r e n g t h  was g r e a t e r  than 90% of t h a t  of 
t h e  uncracked,  v i r g i n  specimens. I n  g e n e r a l ,  wet 
specimens a r e  seen  t o  have a lower compressive 
s t r e n g t h  than do dry specimens. Oddly enough, i n  
some c a s e s  c rack ing  of  t h e  t r a n s v e r s e  p ly  i n  com- 
. .
t h e  r e s p e c t i v e  v i r g i n  ( w c r a c k e d )  lamina te ]  f o r  b i n a t i o n  with mois ture  appears  t o  i n c r e a s e  t h e  
t h e  T30015209. (90/t45/90)2s lamina te .  From t h e  
r e s i d u a l  s t r e n g t h  c h a r a c t e r i s t i c s .  T h i s  is most 
p rev ious ly  e s t a b l i s h e d  r e l a t i o n s h i p  between t r a n s -  probably a r e s u l t  of both t h e  r e l e a s e  of t h e  inher-  
verse  c rack  d e n s i t y  and a p p l i e d  s t r a i n  (F ig .  4 ) .  
e n t  r e s i d u a l  s t r e s s e s  i n  t h e  lamina te  and t h e  
t h e  r e l a t i o n s h i p  between t h e  normalized tangent  increased  d u c t i l i t y  of  t h e  epoxy m a t r i x  t h a t  ..re 
modulus and t h e  t r a n s v e r s e  c rack  d e n s i t y  can be 
induced by t h e  presence  of mois ture .  
e s t a b l i s h e d  and is shown i n  Fig.  12. A s  can be 
seen from t h i s  f i g u r e ,  s t i f f n e s s  begins  t o  decay S i m i l a r  r e s u l t s  were observed f o r  r e s i d u a l  
on ly  a f t e r  a  s i g n i f i c a n t  amount of t r a n s v e r s e  f l e x u r e  s t r e n g t h  and a r e  summarized i n  Table 6. 
Remidual f lexure  a t rength  of cracked a p e c h n s  m a  
i n  no care  l eaa  than 90% of t h e  v i r g i n  referencas ;  
i n  80- ca re r  s t r eng th  was unaffected by the  prer-  
ence of e i t h e r  t ranrverae  cracking o r  moisture. 
I V  . Concluaiona 
Uu l t id i r ec t iona l  T30015209 and T3001934 lui- 
na te s  vcre  s tudied  i n  an e f f o r t  t o  ea t ab l i ah  the  
e f f e c t  of t ransverse  cracks  on t h e i r  r e a i d w l  
mechanical behavior when exposed t o  s e l ec t ed  
hydrothermal condi t ions .  The in t roduct ion  of 
t ransverse  cracks was found t o  vary l i n e a r l y  with 
appl ied  s t r a i n  ( a f t e r  some i n i t i a l  s t r a i n )  and t o  
approach a s a tu ra t ion  crack dens i ty .  Uois ture  was 
found t o  delay the  onset of t ransverse  cracking and 
t o  slow down crack propagation. 
t The presence of t ransverse  cracks  was found t o  
s l i g h t l y  enhance moisture absorpt ion  i n t o  t h e  lami- 
na tes  a t  lower temperatures. but it had a negl i -  
g i b l e  e f f e c t  a t  high temperatures t h a t  approached 
the  T of t he  matrix.  Moisture-induced expansion g 
of t he  laminates was found t o  be l e s s  f o r  cracked 
laminates when they were compared with v i rg in .  
uncracked laminates.  
Transverse cracks,  even a t  l e v e l s  t h a t  
approached sa tu ra t ion  crack dens i ty ,  were found 
t o  reduce the  s t i f f n e s s  and compressive and f lex-  
u r a l  s t r eng ths  of t he  mu l t id i r ec t iona l  laminates 
by l e s s  than 10%. Hygrothermal condi t ions  had 
l i t t l e  inf luence  on these  e f f e c t s  and. i n  almost 
a l l  cases,  the  r e s idua l  p rope r t i e s  of t h e  crack 
laminates were g rea t e r  than 90% of t h a t  of t h e  
uncracked, v i rg in  laminates.  Based on present  
r e s u l t s ,  which a r e  l imi ted  t o  quas i - s t a t i c  loading 
and moderate hygrothermal condi t ions ,  i t  is con- 
cluded t h a t  matrix t ransverse  cracking is not a 
c ruc i a l  process i n  a f f e c t i n g  the  s t r u c t u r a l  per- 
formance of mu l t id i r ec t iona l  composite laminates.  
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Table 3 Experimental data and analyt ical  reaul ta  fo r  hygrotherul  character i r t ica  of different  
graphitelepoxy l u i n a t a a .  
Uaximum Transition Hy~ro-expanrion 
hiaterial Environmental Loading moirture aoieture coefficient (WC) , & 
ayatem ion condition* hiatory content, content, (lay-up) %, ( X )  w, (%) Experiment Com~uted 
- 
T300/934 (go), (90) Is 70.C water Virgin 1.52 0.56 0.56 -- 
T30015209 (90) I, 70% water Virgin 1.82 0.58 0.55 -- 
T3001934 (90/t45/90),, 70.C water Virgin 1.68 0.58 0.156 0.189 
Cracked. 1 .80 0.58 0.089 0.086 
EL = 0.96% 
T300/5209 (90/t45/90) ,, 70.C water Virgin 2.31 -- 0.049 0.047 
Cracked, 2.27 -- 0.034 0.018 
CL - 1.1% 
T300/5209 (90/f45/90) ,, 40.C water Virgin 1.19 0.45 0.131 0.138 
Cracked. 1.49 0.40 0.065 0.059 
EL 1.1% 
T300/5209 (90/r45/0),, 70°C water Virgin 2.70 -- (0) 0.0093 
Cracked, 2.64 -- (0) 0.0046 
EL = 0.85% 
-____4_ 
Note: A l l  specimens exposed t o  hot water fo r  more than 12 weeks. 
aDeformations too small for  measurement. 
Tabla 4 Avaraga axpar iun ta l  data  v e r w r  analyt ical  r e ru l t a  f o r  rer idual  e l a r t i c  wdulua of 
-
cracked and v i rg in  graphitelepoxy multidirectional laminatem. 
Experimntal r e ru l t a  Preloading Analytical r e r u l t r  
mtarial 'yotern g d e  strain* Virgin, Cracked, Normalized, Virgin, Cracked, Normrlizcd, 
EL ( X )  
E, E c Ec 1'30 Eo Ec EeIEo 
T3001934 0 22.90 23.76 Flexure (go/t45/90),a 20.50 0'89 18.84 0.79 
T30015209 0 21.70 22.51 Tenrion (90/*45/90),, 20.10 0sg3 18.54 0'82 
T30015209 0 51.20 52.56 Tenrion (90/td5/0) ,, 50.20 0mg8 50.72 0sg6 
Note: E i n  GPa. 
Table 5 Sul~mary uf residual compressive strengths for  cracked and virgin 
multidirectional laminates in  both the wet and dry conditions. 
--
Moisture Loading Compreesive 
Urrterial Test lay-up content, Loading direct ion s t r a i n ,  s t rength,  
W (% I  EL ( X )  MPa 
- -  - - -- 
T30015209 (0/+45/0),, 0 Along cracks 0 899 
0.8 833 
1.1 825 
T30015209 (0/+45/90),, 0 Along cracks 0 59 5 
0.85 562 
T3001934 (O/t45/0) ,, 0 Along cracks 0 9 58 
0.96 930 
T30015209 (90/t45/90),, 0 Perpendicular t o  0 245 
cracks 0.8 234 
1.1 227 
T30015209 (90/t45/0),, 0 Perpendicular t o  0 96 
cracks 0.85 CO 
T3001934 (90/+45/90) ,, 0 Perpendicular to 0 255 
cracks 0.96 2 39 
T300/5209 (O/t45/0),, 2.35 Along cracks 0 815 
0 .8 777 
1.1 709 
T30015209 (0/t45/90)2s 2.83 Along crocks 0 407 
0.85 r 64 
T3001934 (O/t45/0)2s 1.86 Along cracks 0 8 30 
0.96 805 
T30015209 (90/*45/90),, 2.53 Perpendicular to 0 197 
cracks 0.8 184 
I .1 200 
T30015209 (90/?45/0) 2 s  2.75 Perpendicular to  0 452 
cracks 0.85 4 50 
T3001934 (90/t45/90),, 1.94 Perpendicular to  0 257 
cracks 0.96 262 
_ _ E _ - P _ , i ~ = * i i I - c = 7 i i = i i i i i . i . I r . Z r r -  r ~ - - : . s : : x . : . L z ~ . x - ~ ~ F ~ ~ ~ ~ - - * ~  
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Table 6 S u r r r y  of r e r i d u a l  f l e x u r a l  e t r eng th r  f o r  cracked and v i rg in  
r n l t i d i r e c t i o n a l  graphite/apoxy laminate8 in both the  mt end dry 
cond i t  ion8 . 
Moirture Loading C a p r e r r l v e  
W t e r i a l  Teat lay-up c o n t m t ,  Loading d i r e c t i o n  rtr.in, s t r eng th ,  
If (XI q (7) PIP. 
T3001934 (O/t45/0) ,, 0 Along crackr  0 1006 
9.96 1002 
T3001934 (0/t45/0) 1.86 Along cracks  0 9 78 
0 -96 932 
T300/5209 (O/t45/0) 2.35 Along crackr  0 955 
0.8 910 
T300/5209 (O/t45/90),, 2.82 Alongcracks  0 623 
0.85 558 
T300/934 (90/t45/90),, 1.55 P e r p e n d i c u l a r t o  0 34 1 
cracks  0.96 342 
T300/5209 (90/645/90) ,, 2.53 Perpendicular t o  0 260 
cracks  , 0.8 237 
1.1 24 7 
~300/5209 (90/t45/0),, 2.82 Perpendicular t o  0 650 




CRACKING LEVELS ACOUSTIC EMIWION 
DYE PENENTRANT 
REPLICATING TAPE I I 
VIRGIN PLATES 
PREPARATION 
I STRENOTI4 AND S T l F F N E l  OF DRY WECIMENS I 
PREPARATION T  
OF WET WECIMENS 
Fig. 1 Ter t ing  procedure of graphite/epoxy 
o p e c i u n r .  
ULT M A T E  LAMINAT E 
260 - FAILURE :ULF) 
ON.SET OF FAILURE 
AT + 4 5  PLIES ("KNEE") 
200 - 
l N l f  IATlON OF 
I I 1  I I 1  1 1 1 1 
J .2 .4 .Q 8 1.0 1.2 1.4 
TENSILE STRAIN, X 
PQ. 2 Typical  r t r e r r - r t r a i n  r e l a t i o n r h i p  f o r  a 
.- -(90/t45/90),, dry graphite/epoxy specimen i n  ten- 
s ion  (nee Table 2) .  
ORIG!?I;C?~ E l  - 
OF POOR ~ U a i ' - - '  
Fa! I bl 
Fig. 3 Hlcrographs s h w f n ,  ty~ical tr~nsverse cracks I o m d  i n  tension. .I) BrPw "knee" transit ion; 
b) ;il*nvc "knee" t mns it ion. 
MQLST-U-RE CONTENT w = 0 5% 
z 
MAX FLEXURAL STRAIN. Y 
Fig. 4 Typical crack density wrsua I lcxural s t r a h  relationship for praphiteSepoxy a p c c h n ~  loaded 
~n flexure. 

- LAY-UP DIMENSIONS (rnrn) 
0 19018 62 x 41 x 1 0  
- 0 96 * 11.5 x 2.0 
MATERIAL: T3001934 
I n o ?  , 1 1 1 I 1 1 
0 .2 .4 .6 .8 1.0 1.2 1.4 1.5 
MOISTURE CONTENT W, % 
F i g .  9 Swel l ing  v e r s u s  m o i s t u r e  a b s o r p t i o n  r e l a -  
t i o n s h i p  f o r  u n i d i r e c t i o n a l  g r a p h i t e l e p o x y  lami-  
n a t e s  exposed t o  70°C water .  
VIRGIN SPECIMENS 




Y 0 .2 4 6 8 1.0 1.2 14 1 6  1.8 
MOISTURE CON1 ENT w. % 
Fig .  1 0  Swel l ing  v e r s u s  mois tu re  a b s o r p t i o n  r e l a -  
t i o n s h i p  f o r  m u l t i d i r e c t i o n a l  g r a p h i t e l e p o x y  lami- 
n a t e s  exposed t o  70°C watec. 
I 
E, - ELASTIC MODULUS OF CRACKED 
.XI 
I SPECIMEN WELOADED TO cLl ho 
Eo-ELASTIC MODULUS OF VIRGIN SPECIMENS AT I THE INITIAL LOADING CYCLE 
MATERIAL: T3Wl5209 
I 
LAY UP: 190/t45/90)2s 
I , , , ,  
1 .2 .3 .4 .5 .6 .7 .8 9 1.0 1.1 1.2 1.3 1.4 
TENSILE STRAIN (OF PREVIOUS CYCLE) CL 1%) 
F i g .  li The e f f e c t  of  p r e l o a d i n g  t e n s i l e  s t r a i n  
( E  ) and subsequen t  c r a c k i n g  on normalized t angen t  
rnohulus i n  d ry  m r ~ l t i d i r e c t i o n a l  g r a p h i t e l e p ~ x ~  
specimens . 
I I 
A mTJ0015209 ITENSILE LOkDlNGl ). 
LAY UP: (90/.45f9012s 4 O T30W93d (FLEXURAL LOADING3 1 -5 ' .a I 4 1 
L I I I 1 1 I 1 I I --- 
0 1 2 3 4 5 6 7 8 9 1 0 I t T 2  
CRACK DENSITY. CRACKSfm 
Fig. 12 Residual normalized tangent moduius versus crack dtns i ry  in multidirectloml g r a p h i r e / t p o ~  
spcc imens . 
Fig. 13 Typical compsesaive ! - fa i led  spechens lnaded p a m l I e !  [a) and pel 
nrfentntion ( x f ) .  rpendiculnr (b) t o  cracking 
